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We present scanning tunneling microscopy and spectroscopy measurements of the charge-density wave state
in 1T -TiSe2, Cu0.05TiSe2, and Cu0.06TiSe2 single crystals. Topography images at 4.2 K reveal that the charge
density waves are present in all samples studied, although the amplitude of the charge modulation decreases with
the Cu doping. Moreover, the chiral phase of the charge density wave is preserved also in Cu-doped samples.
Tunneling spectroscopy shows that there is only a partial gap in the pure compound, with bands crossing the
Fermi surface. In the Cu-doped samples, the system becomes more metallic due to the increase of the chemical
potential.
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I. INTRODUCTION
Transition-metal dichalcogenides are quasi-two-
dimensional, highly anisotropic compounds that often
show instabilities to charge density wave (CDW) formation
at low temperature. The chalcogenide atoms form two
parallel layers with the atoms in a hexagonal arrangement.
The transition metal atoms exist in between these two
layers. In the 1T -type crystal structure, the transition metal
atoms are octahedrally coordinated. In particular, 1T -TiSe2
undergoes a CDW phase transition below 200 K with a
formation of a commensurate (2a0 × 2a0 × 2c0) superlattice1
that involves a small ionic displacement (0.08 A˚), and
it is accompanied by a phonon softening.2 Angle-resolved
photoemission spectroscopy (ARPES) measurements revealed
the band structure, with some of the details that still remain
controversial. In the normal state, above the CDW state,
TiSe2 is either a semimetal3,4 or a semiconductor5,6 with a
small indirect gap. The Se 4p valence band is at the Brillouin
zone center  while the Ti 3d conduction band forms pockets
at the Brillouin zone boundary L. In the CDW state, the
Se 4p bands become backfolded. The origin of the CDW
state remains still a matter of controversy up to date. The
CDW transition is not likely to originate from nesting since
parallel sheets of the Fermi surface were not detected by
ARPES measurements. The proposed scenarios are an indirect
Jahn-Teller effect,7 an exciton insulator mechanism8 or an
exciton-phonon driven CDW.9 Being a material with bands
very close to the Fermi level, TiSe2 is a unique candidate
for the excitonic mechanism. Unlike many semiconductors,
TiSe2 has a large number of states close to EF that makes it
favorable for collective phenomena to take place. On the other
hand, the small total number of carriers yields to a poorly
screened Coulomb interaction, so the system is unstable to
formation of excitons. However, the softening of the L−1 mode
has been observed in x-ray experiments and it might have
some relevance to the CDW formation as well.2 The discovery
of superconductivity upon intercalation of Cu has further
attracted the attention to this material.10 With Cu doping it
was found that the CDW transition temperature drops and the
superconductivity sets in at a doping x = 0.04 with a highest
superconducting transition temperature of 4.15 K occurring
at x = 0.08. With a single electron in the 4s shell there is a
charge transfer from the Cu to the TiSe2 layers, which shifts
the chemical potential and enhance the total density of states
around the Fermi energy, thus facilitating superconductivity.
Scanning tunneling microscopy experiments on the un-
doped compound11 revealed a domain structure CDW that
has been interpreted as a sign that the CDW in TiSe2 is chiral.
This means that the main q vector in the CDW rotates as it
goes deeper into the sample (along the c axis). This produces
in each plane domains that are mirror images of each other.
Although chirality is a commonly observed phenomenon in
many systems chiral CDW were first reported in Ref. 11.
Also, triangular shaped defect have been detected on the TiSe2
surface and they have been interpreted as change in local
crystal structure12 or as Friedel oscillations that might reflect
electronic properties in this material.13
We studied the CDW phase of 1T -CuxTiSe2 single crystals
(x = 0, 0.05, and 0.06) with scanning tunneling microscopy
and spectroscopy, and we found that the amplitude of the CDW
decreases as a function of doping with clear supermodulation
in all samples studied. The chiral phase is still present
in doped samples, close to the critical doping at which
the CDW disappears. Despite extensive studies of TiSe2,
tunneling spectroscopy has only been reported by using tunnel
junctions15 showing a very high value of the CDW gap
in disagreement with ARPES and optical spectroscopy.16
No tunneling spectroscopy has been reported so far for the
Cu-doped samples. In this paper, we report on local tunneling
spectroscopy performed at 4.2 K as a function of the doping.
II. EXPERIMENTAL DETAILS AND SAMPLE
CHARACTERIZATION
Crystals were grown from Ti and Se powder by iodine vapor
transport at 700 ◦ C.17 X-ray diffraction pattern confirmed
the crystal structure. The copper content was determined by
energy dispersive x-ray microprobe analysis (EDS). Multiple
regions on each crystal surface were analyzed. The EDS
spectrum showed that the atomic concentration of Cu at
different locations were similar. Moreover, the crystal lattice
parameters measured by x-ray as well as the superconducting
critical temperatures Tc were in agreement with previous
reports.18 The dc resistivity was measured by a standard
four probe technique. The in-plane resistivity of the undoped
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sample slightly increases by decreasing the temperature from
300 K, shows a broad hump with a maximum at about
150 K. The maximum resistance of the sample at 150 K
is three times larger as that at room temperature, indicating
a good stoichiometry. The resistivity at low temperature is
≈1 m cm. For the Cu0.05TiSe2 and Cu0.06TiSe2 crystals,
the in-plane resistivity is metallic with a residual resistivity
ratio ρab(300 K)/ρab(4 K) = 4 and 4.5 for the two samples,
respectively. The resistivity just above the superconducting
transition is 100 μ cm for the Cu0.05TiSe2 crystal and
70 μ cm for the Cu0.06TiSe2 crystal. The correspond-
ing superconducting critical temperatures are Tc = 2.0 and
3.0 K.
Low-temperature scanning tunneling microscopy (STM)
and spectroscopy (STS) have been performed at T = 4.2 K
using a Unisoku UHV STM system, with a base pressure of
1 × 10−10 Torr. The samples were cleaved just before cooling
down. We used Pt-Ir tips in all of our experiments, therefore
the tunneling conductance between a normal electrode (tip)
and a sample provides, in the limit of low voltages, the
electronic density of states of the sample. All STM and STS
measurements reported in this paper have been performed at
4.2 K and therefore the samples are in the CDW state but not
in the superconducting state.
III. STM CHARACTERIZATION OF THE CDW STATE
Atomically resolved images were acquired in the constant
current mode with a constant voltage between sample and
tip. Figure 1(a) shows a 12.1 × 8.9 nm2 STM image of pure
TiSe2. All surface Se atoms of the hexagonal surface layer are
clearly resolved with a strong superlattice modulation 2a0 ×
2a0 clearly seen in direct space.
A closer look at the amplitude of the modulation along
the three directions reveals that the amplitude along the
crystallographic direction a2 has higher intensity than that
along a3 and a1, in the top region B of the topography
image. The same analysis reveals instead Ia1 > Ia3 > Ia2
in the bottom of the image [portion A of Fig. 1(a)]. We
name the phase in region A clockwise and that in region B
anticlockwise, where clockwise and anticlockwise indicates
the direction of increasing amplitude. These two domains
cannot be superimposed on each other with simple rotational
transformation, but they are mirror images of each other. This
observation in agreement with previous reports11 indicates the
chiral state of the CDW in TiSe2. The line profiles along the
three directions in region B are reported in Fig. 1(b) while
those related to the region A are reported in Fig. 1(c). The
relative intensities of the modulations are Ia1 : Ia2 : Ia3 = 0.3 :
1 : 0.7 in region B and Ia1 : Ia2 : Ia3 = 1 : 0.5 : 0.7 in region
A. These profiles have been normalized to the maximum
amplitude along each direction. The profiles can slightly
change from location to location especially when approaching
a different domain. Therefore the relative intensity of the
modulations along the three directions can slightly change
depending on location and how the profiles are normalized.
However, different normalizations do not affect the main
result that the amplitudes of the CDW change along the three















FIG. 1. (Color online) (a) 12.1 × 8.9 nm2 STM topography image
of pure TiSe2 acquired at T = 4.2 K. Scanning parameters are I =
300 pA and V = −0.2 V. The dashed dark line shows the transition
between two different domains. (b) Line profiles along the unit vectors
a1, a2, and a3 in the region B of image (a). Iai is the normalized
amplitude of the STM corrugation along ai . (c) Line profiles along
the unit vectors a1, a2, and a3 in the region A of image (a).
The same conclusion can be drawn from the two-
dimensional Fourier transform (2DFT) of the region A [see
Fig. 2(a)] and region B [see Fig. 2(b)].19 The 2DFT shows
in both cases two sets of peaks. The outer peaks corresponds
to the Bragg peaks of the Se lattice whose wavelength is a0,
the inner peaks correspond to the CDW superlattice peaks
whose wavelength is 2a0. The three sets of CDW peaks have
different intensities in the two images. The 2DFT of region
A in the topography image reported in Fig. 1 shows that the
CDW peaks increase in intensity clockwise with a normalized
amplitude of Iq1 : Iq2 : Iq3 = 1.0 : 0.33 : 0.45, while in the
2DFT of region B they increase in intensity anticlockwise with
a normalized amplitude of Iq1 : Iq2 : Iq3 = 0.46 : 1.0 : 0.7.
The same measurements and analysis have been performed
for the Cu0.05TiSe2 and Cu0.06TiSe2 crystals. In Fig. 3(a), a
15 × 6.3 nm2 STM image for Cu0.05TiSe2 is reported. The
2DFT of the regions A and B are shown in Figs. 3(c) and
3(d), respectively, indicating clockwise increase of the CDW
amplitudes in region A and anticlockwise increase of the CDW
amplitudes in region B. The normalized amplitudes of the
2DFT CDW peaks are Iq1 : Iq2 : Iq3 = 0.5 : 1.0 : 0.4 in region
A [see Fig. 3(e)] and Iq1 : Iq2 : Iq3 = 1.0 : 0.8 : 0.7 in region
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FIG. 2. (Color online) Two-dimensional Fourier transform of the
region A (a) and region B (b) of the image in Fig. 1(a). Blue circles
mark the Bragg peaks. The inner peaks correspond to the CDW
superlattice peaks and they are marked with white circles. (c) and (d)
Line profiles of the two-dimensional Fourier transform along the three
q vectors: q1, q2, and q3, in the region A and region B, respectively.
B [see Fig. 3(f)]. In Fig. 4(a), a 20 × 8.4 nm2 STM image for
Cu0.06TiSe2 is reported. The 2DFT of the region A (in the top
right corner) is reported in Fig. 4(c) while the 2DFT of region
B in is reported in Fig. 4(d). The CDW peaks intensities for
the two regions are shown in Figs. 4(e) and 4(f). We find a
clockwise increase of the CDW amplitudes in region A and
anticlockwise increase in region B. The normalized amplitudes
of the 2DFT CDW peaks are Iq1 : Iq2 : Iq3 = 1.0 : 0.3 : 0.5 in
region A [see Fig. 4(e)] and Iq1 : Iq2 : Iq3 = 1.0 : 0.75 : 0.6
in region B [see Fig. 4(f)].
The microscopic mechanism of the chiral CDW in TiSe2
has been explained in terms of orbital order that introduces
a phase shift between the three components of the CDW,
while in the usual nonchiral state all components share the
same phase.14 The top view image obtained by STM consists
of CDW modulations in the three crystallographic direction
superimposed to the atomic modulations and having different
intensities that form a low-symmetry structure. In pure TiSe2,
the CDW modulations varies on the surface between 2 and
5 A˚ in the three crystallographic directions and on different
portion of the image. By filtering out the atom periodicity,
we can visualize directly the CDW contrast. In Fig. 3(b), the
CDW correlations obtained from Fig. 3(a) by filtering out





















































FIG. 3. (Color online) (a) 15 × 6.3 nm2 STM topography image
of a Cu0.05TiSe2 single crystal acquired at T = 4.2 K. Scanning pa-
rameters are I = 300 pA and V = −0.2 V. The two dark dashed lines
show the transition region between two different domains. (b) CDW
modulations obtained from the atomic image in Fig. 3(a). The atomic
modulation has been removed by Fourier transform filtering. The
color scale goes from dark blue (for CDW minima) to red (for CDW
maxima). (c) and (d) Two-dimensional Fourier transform of the region
A and region B shown in the image in Fig. 3(a), respectively. Blue
circles mark the Bragg peaks. The inner peaks correspond to the CDW
superlattice peaks and they are marked with white circles. (e) and (f)
Line profiles of the two-dimensional Fourier transform along the three
q vectors: q1, q2, and q3, in the regions A and B, respectively. The in-
tensities increase clockwise in region A and anticlockwise in region B.
modulations intensities in the three crystallographic directions
were the same, the CDW image should show hexagonal
155103-3















































FIG. 4. (Color online) (a) 20 × 8.4 nm2 STM topography image
of a Cu0.06TiSe2 single crystal acquired at T = 4.2 K. Scanning
parameters are I = 300 pA and V = −0.2 V. (b) CDW modulations
obtained from the atomic image in Fig. 4(a). The atomic modulation
has been removed by Fourier transform filtering. The color scale goes
from dark blue (for CDW minima) to red (for CDW maxima). (c) and
(d) Two-dimensional Fourier transform of the region A and region B
shown in the image in Fig. 3(a), respectively. Blue circles mark the
Bragg peaks. The inner peaks correspond to the CDW superlattice
peaks and they are marked with white circles. (e) and (f) Line profiles
of the two-dimensional Fourier transform along the three q vectors:
q1, q2, and q3, in the regions A and B, respectively. The intensities
increase clockwise in region A and anticlockwise in region B.
patterns of circular shaped CDW maxima. The image that we
obtain reveals instead CDW maxima extended in one crystallo-
graphic direction and the shape of the maxima changes through
the image. This indicates that the crystallographic directions
along which the CDW modulations are maximum or minimum
are changing on the surface. Circular-shaped CDW maxima
are obtained in the transition regions. The CDW amplitudes
for the Cu0.05TiSe2 crystal vary between 0.3 and 0.8 A˚ trough
the image. In Fig. 4(b), the CDW correlations obtained from
Fig. 4(a) by filtering out the atoms are reported for the
Cu0.06TiSe2 crystal. In this case, we also find two regions A and
B of opposite chirality but there is a wide region in between
in which the CDW maxima form a regular hexagonal pattern
with circular-shaped CDW maxima. Therefore the transition
between the two types of domains of opposite chirality appears
to be much larger than those observed in the pure sample
and in the Cu0.05TiSe2. The CDW amplitudes change between
0.2 and 0.4 A˚ for this level of Cu doping.
Chiral-nonchiral phase transition is expected theoretically
close to the CDW transition temperature and in general when
the CDW state is suppressed.14 The STM patterns observed in
this study clearly show a phase difference between the three
CDW components in all samples studied, therefore suggesting
that the chiral CDW state is present in these samples. In
general, bulk measurements such as x-ray or indirectly optical
reflectometry would be needed to confirm the chiral state.
However, pure TiSe2 has chiral CDW as proven by other
experiments.11 Therefore our STM measurements strongly
suggest that the chiral CDW state is preserved in Cu-doped
TiSe2 up to doping levels that are close to the critical doping
at which charge density waves disappear.
IV. TUNNELING SPECTROSCOPY
Tunneling spectra have been acquired using the lock-in
ac modulation technique while the I-V curves were recorded
simultaneously. Good quality of the surface and atomically
resolved images allow us to get reproducible spectra. Tunnel-
ing spectra are reproducible also as a function of location
with some differences only in the background at higher
energy but not in the features at lower energy discussed
below. Representative differential conductance spectra dI/dV
for TiSe2, Cu0.05TiSe2, and Cu0.06TiSe2 single crystals are
reported in Fig. 5. In the undoped sample the value of the
zero bias conductance is nonzero indicating the presence of
bands crossing the Fermi surface. This is in agreement with
ARPES measurements that reveal that at low temperature
the Ti 3d band crosses EF twice.4 The tunneling spectra for
pure TiSe2 therefore reveal a partial gap indicating that only
some portions of the Fermi surface are gapped. Obtaining
quantitative estimate of the gap is not straightforward when
gapping involves only some portions of the Fermi surface.
Two clear kinks (i.e., changes in the slope) are observed in the
tunneling spectra of the undoped sample at ε1 ≈ −153 meV
and ε2 ≈ +1.5 meV suggesting a partial gap of ≈155 meV
very close to other estimates.4,16,20 A third kink in the tunneling
spectra at ε3 ≈ −200 meV is probably associated with the
maximum of the second Se 4p band, as suggested by ARPES
measurements. Our data seem to be in disagreement with a very
high value of the gap of about 0.5 eV at 77 K reported from
tunnel junction, with Al counter-electrode, measurements.15
Although, we see in our spectra other features at higher
energies like the kink at +350 meV, we do believe that these
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FIG. 5. (Color online) Representative conductance spectra
dI/dV vs V acquired on TiSe2 (blue line), Cu0.05TiSe2 (black line),
and Cu0.06TiSe2 (red line) single crystals. The tunneling spectra have
been acquired with the same initial parameters: I = 50 pA and
V = −0.5 V, the same bias modulation amplitude Vmod = 5.0 mV
(root mean square) and the same modulation frequency f = 373 Hz.
The spectra for pure TiSe2 and Cu0.05TiSe2 have been obtained by
averaging 50 spectra, while the spectrum for Cu0.06TiSe2 has been
obtained by averaging ten spectra taken at the same location. In the
inset, it is shown in more detail the tunneling spectrum for Cu0.05TiSe2
close to the Fermi energy with the two changes in slope possibly
associated to ε1 and ε2. All spectra, in the main panel as well as in the
inset, have been normalized to the conductance value at V = −0.4
eV.
features are associated with higher-energy bands details. The
total density of states shows also a high asymmetry of the
tunneling spectra for extraction (negative energy) and injection
of electrons (positive energy) in the undoped crystal, which is
about 60% between −0.4 and +0.4 eV. According to band
structure calculations, the Ti 3d bands are very close to EF
and they contribute the most to the total density of states
for the unoccupied states.21 Upon Cu doping the tunneling
spectra reveal an increase of the total density of states close
to EF . In the case of Cu0.05TiSe2, there are two kinks (i.e.,
changes in slope) that are still visible and possibly can be
associated to ε1 and ε2. These features become much weaker
as shown in the inset of Fig. 5, but the changes in slope of the
spectrum are still visible and above the level of noise. ARPES
measurements20 show that the Se 4p bands are found to weaken
significantly with increasing doping. The spectra also show an
increase of the total density of states and a reduction of the
asymmetry between occupied and unoccupied states, which is
≈20% for this level of doping. With further increase of the Cu
concentration the total density of states continue to increase,
the asymmetry between extraction and injection of electrons
is further reduced to only 9% between −0.4 and +0.4eV in
the Cu0.06TiSe2 crystal. The tunneling spectra in this case are
metallic and do not reveal any gap feature close to EF . The
reduced asymmetry as well as the shifting of the Se 4p bands
are signature of the shifting of the chemical potential toward
Ti 3d as a function of doping.
V. CONCLUSIONS
In conclusion, we report on simultaneously tunneling
spectroscopy and topography on TiSe2, Cu0.05TiSe2, and
Cu0.06TiSe2 single crystals at 4.2 K. In STM topography,
images we observe domains consistent with the chiral CDW
phase already reported for the undoped sample.11 Our mea-
surements strongly suggest that the chiral state is preserved
also in the doped crystals. The crystal CuxTise2 with x = 0.06
is very close to the critical point where CDW order vanishes.
These measurements suggest that the transition between chiral
and nonchiral phase will lie very close to the CDW critical
point or even at the same CDW critical point. We also
observe the weakening of the CDW with an amplitude of the
charge modulation that decreases as a function of Cu doping.
Moreover, tunneling spectroscopy revealed a partial gap that is
present only on some portions of the Fermi surface with bands
crossing the Fermi level in the undoped compound. Kinks in
the tunneling spectra reveal the maxima of the Se 4p bands.
We do observe a reduced asymmetry between occupied and
unoccupied states as well as an increase of total density of
states upon doping.
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